A systematic real-time methodology is adopted for leak detection in underground buried pipes. The wireless communication system is used to analyze the system performance based on the received power by monopole antenna deployed at the receiving side. Instrumentation designed for underground measurement and control such as leak and materials loss detection needs wireless communications to aboveground in both ways and in real-time mode. This constitutes one of the timely and challenging issues of battery-operated systems. The purpose of this work is to characterize the radio transmission between underground buried pipes and base station using multi-layer media including both theoretical and experimental approaches by utilizing various modulation schemes. The objective is to identify the range of operating communication frequencies having lower energy loss, lower resulting bit error rate, and the power needed to transfer packets designed to carry data through the media. This will support the on-device power management to secure large autonomy operations. Experimental tests have shown that the overall received energy was mixed with ambient energy if the latter is sent at the same frequency and that the optimum frequency range used to transmit energy was rather at low frequency range of 100-200 MHz.
Introduction
Wireless sensor networks (WSNs) are not only needed in ambient air but also in underground environments with a major issue related to wireless transmission through media. Wireless underground sensor networks (WUSN) consist of wireless sensors buried underground, enabling a wide variety of novel applications that are not possible using current wired underground monitoring techniques. Compared with the current underground sensor networks, which use wired communication methods for network deployment, WUSN have several remarkable merits, such as concealment, ease of deployment, timeliness of data, reliability, and coverage density. 1 WUSN technology is applicable to many application scenarios. 1 Among these, water leak detection of buried pipelines, 2 material loss detection in pipes, monitoring the soil properties of sports fields, such as a golf course and football fields, have potentials to ease the maintenance of these infrastructures.
Moreover, WUSN can be exploited to monitor the presence and concentration of various toxic substances in particular areas to prevent pollution. In addition, WUSN can be exploited in underground coal mines to monitor air quality and prevent disasters.
Some work has been done on wireless underground/ underwater communications. Major technological issues and challenges associated with structural monitoring of underground structures with emphasis on conditions encountered in underground communications were previously discussed. 1 Focus has been made on the electromagnetic (EM) wave propagation through soil and rock for ground-penetrating radars in Vuran and Akyildiz. 3 Communication through soil is regarded as an EM wave transfer through the transmission line, 4 and microwave analysis methods are exploited to provide a propagation model. The results of this work in Li et al. 4 focus on the frequency range of 1-2 GHz. A comparative analysis was carried out for statistical wireless channel propagation characteristics 5 in underground mines and indoor channels. A detailed survey on ray-theory-based multipath Rayleigh underwater channel models for underwater wireless communication was presented, 6 and the research challenges for an efficient communication in this environment were outlined. These channel models are valid for shallow or deep water. Advanced channel models were derived to characterize the underground wireless channel in Domingo, 7 and the foundational issues for efficient communication through soil were discussed. Routing algorithms 8 were proposed for better management for underground WSNs in threedimensional underground tunnels and analyzed in terms of network throughput, packet loss rate (PLR), stability, and latency using simulations.
Design challenges for WUSNs and challenges for the underground communication channel were also studied in detail, 9 and a relay node placement was proposed in Wu et al. 10 Despite its potential advantages, 11 the realization of WUSN is challenging with efficient and reliable underground links to establish multiple hops underground and efficiently disseminate data for seamless operation. To this end, the propagation characteristics of EM waves in soil prevent a straightforward characterization of underground wireless channel. First, EM waves encounter much higher attenuation in soil compared with that in air, which severely hampers the communication quality. Moreover, the surface of the ground causes reflection as well as refraction, which prevents simple ray models characterizing the underground channel accurately. Multipath fading is an important factor in underground communications, where unpredictable obstacles in soil such as rocks and roots of trees make EM waves being refracted and scattered. Since underground communications and networking are primarily limited by the wireless channel capabilities, these challenges caused by underground channel should be carefully considered for the design of WUSN. None of the work in literatures [1] [2] [3] [4] [5] [6] [7] [8] [9] addresses all these issues and lacks in developing a generalized model to validate the simulation with real experimental data.
This article will introduce channel modeling of EM waves through media and interfaces in a WUSN for underground in-pipe leak inspection. The model takes into account the effects of multiple factors on signal propagation, including radio frequency, multi-layer media, soil composition, soil moisture, and the burial depth of pipe. Experimental tests were performed to validate the channel model. Bit error rate (BER) and PLR for a common application from soil to aboveground were also investigated for reliable communications.
In this work, the real challenges of WUSN are addressed including propagation degradation characteristics of EM waves in soil and other media, reflection and refraction of EM waves while propagating across various layers, characterization of source for maximum operating life cycle, and BER calculation for various modulation schemes. All the above scenarios are included in the development model.
In addition, a generalized multi-layer model was developed between underground pipe and base station to get an optimum set of solution by varying parameters of the developed model. The parameters like frequency of operation, height of the observation points, depth of transmitter location, and characteristics of the soil can be varied to validate the simulated development model. Thus, the generalized solution is more of practical value as it offers fast and economical solution to allow for optimum parameters. In addition, the model can be extended easily to integrate more layers in the developed model. Furthermore, the determination of BER and PLR, which is a distinguishable feature for a common application from soil to aboveground, was also investigated for reliable communications.
Analytical models for path loss in multi-layer media
In this section, a path loss model is derived for radio transmission from underground mobile in-pipe robots to aboveground receivers and through multi-layer media. The section starts with determining the transmission path, and derives signal attenuation both in transmission media and at the media interfaces, the end-to-end path loss, and the receiving power and propagation delay.
Transmission path
We consider a WSN network consisting of one or multiple mobile in-pipe sensor nodes and an aboveground base station, as shown in Figure 1 . The sensor node, including a leak detection sensor and a robot, is inserted into a fully operational water pipeline. Once released, the sensor node moves in the water flow inside the pipeline and performs data acquisition. Wireless communication between the sensor node and the base station is critical not only for data transmission but also for localization and operational control of the sensor node. One of major objectives of the system is to pick up leak signals and transmit the information to the aboveground base station. Therefore, in this work, we focus on the wireless underground-to-aboveground channel, as shown in Figure 2 . It is worth noting that the channel modeling method can also be applied to the aboveground-to-underground channel.
The propagation environment is complicated as the radio signal travels through multi-layer media (including water, plastic, soil, and air) and medium interfaces, as shown in Figure 2 . The signal is attenuated not only due to the absorption of each medium but also as a consequence of signal reflection and refraction at each medium interface. In addition, radio propagation exhibits multipath channel characteristics. This is mainly because of the signal scattering and diffraction caused by the dispersive nature of water and soil, unsmooth medium interfaces, and reflection from aboveground objects such as trees and buildings. The multipath propagation results in multipath fading of the received signal.
In this work, the channel model is considered from a practical perspective. We use a link budget equation to determine the received signal strength at the base station by taking into account the path loss of the signal transmitted from the sensor node. The link budge equation expressing the received power P rec (dB m) by the base station is described by Friis equation 12 as follows
where P trans (dB m) is the transmission power (TP) of the sensor node, G Tx Ant and G Rx Ant (dB) are the gains of the transmitting and receiving antennas, and P loss is the path loss (dB). The path loss highly depends on the transmission distance through each medium as well as the incidence angle and refraction angle at each medium interface. As shown in Figure 2 , fd w , d p , d s , d a g represent the radio transmission distances over different media, L is the horizontal distance between the sensor node and the base station, and fu w , u p , u s , u a g is the incidence/refraction angles at different medium interfaces. Both the distances and angles change as the sensor node moves in the pipeline. For ease of exposition, we omit the time index in Figure 2 .
As shown in Figure 2 , the distances fd w , d p , d s , d a g and the incidence/refraction fu w , u p , u s , u a g can be calculated based on Snell's law. 13 Specifically, they can be determined by solving the following system of nonlinear equations sin u w sin u p = n p n w ð2Þ
sin u s sin u a = n a n s ð4Þ
where fn w , n p , n s , n a g are the refractive indices of the media. fh w , h p , h s , h a g are the vertical distances of signal transmission in the media, where h a is the height of the receiving antenna at the base station in the air, h s is the burial depth of the pipeline, h p is the plastic thickness of the pipeline, and h w depends on the internal diameter of the pipeline. Given a pipeline system and a network, both fn w , n p , n s , n a g and fh w , h p , h s , h a g are all known values. Based on equations (2)-(5), fu w , u p , u s , u a g can be calculated as d w = h w = cos u w , d p = h p = cos u p , d s = h s = cos u s , and d a = h a = cos u a .
Signal attenuation in transmission media
Signal attenuation in soil. The signal attenuation in soil is modeled as a function of environmental parameters, such as soil moisture and soil composition, and system parameters, such as the operating radio frequency and the transmission distance in soil. According to a path loss model of an underground soil path developed in Li et al., 4 the signal loss P s in soil can be written as where d s (m) is the propagation distance in soil, a s is the attenuation constant whose unit is m 21 , and b s is the phase shifting constant whose unit is radian/m. The values of a s and b s depend on the dielectric properties of the soil where f is the radio frequency, m s is the magnetic permeability of the soil, and e 0 and e 00 are the real and imaginary parts of the relative dielectric constant of the soil, respectively. The dielectric properties of soil in the 0.3-1.3 GHz band can be calculated using Peplinski's principle. 12 Specifically e s = e 0 À je 00 ð9Þ
where e s is the relative complex dielectric constant of the mixture of soil and water, m v is the volumetric moisture content of the soil, r b is the bulk density in grams per cubic centimeter, a 0 = 0:65 is an empirically determined constant, and b 0 and b 00 are empirically determined constants, dependent on soil type, and given by
respectively, where S and C stand for the mass fractions of sand and clay, respectively. e 0 f w and e 00 f w are the real and imaginary parts of the relative dielectric constant of water, respectively. 14 Signal attenuation in water, plastic, and air. The model shown by equation (6) to determine the signal attenuation in the soil can be extended to the calculation of the signal attenuation in the water, plastic, and air, respectively. This is based on the observation from equation (6) that the transmission loss P s in the soil is governed by only three parameters: the attenuation constant a s , the phase shifting constant b s , and the transmission distance d s in the soil. Hence, as long as the three parameters in other media are known, the signal attenuation in those media can be computed. For example, the signal attenuation through the water can be calculated as
where d w is the signal transmission distance in the water as shown in Figure 2 . a w and b w are the attenuation constant and the phase shifting constant, respectively. In fresh water which is a low-loss medium,
, where s w is the electric conductivity, m w is the magnetic permeability, and e w is the dielectric permittivity of the water. Similarly, the signal attenuation P p through the plastic and the signal attenuation P a through the air can also be calculated.
Signal attenuation at medium interfaces
When a radio wave moves from one medium into a second medium, it is partly reflected and partly transmitted at the medium interface. In the following, we illustrate the computation of signal attenuation at different medium interfaces in Figure 2 .
Amplitude reflection and transmission coefficients. The amplitude reflection coefficient is defined as the ratio of the reflected wave's complex electric field amplitude to that of the incident wave at a medium interface. Take the radio wave propagation from the soil to the air through medium interface 3 in Figure 2 for example. Let h sja be the amplitude reflection coefficient at medium interface 3. h sja depends on the polarization of the incident wave. Fora perpendicularly polarized incident plane wave, and h sja can be expressed as 13
where z s = ffiffiffiffiffiffiffiffiffiffiffi m s =e s p and z a = ffiffiffiffiffiffiffiffiffiffiffi ffi m a =e a p are the EM impedances of the soil and the air, respectively; and u s is the incidence angle and u a the transmission angle at interface 3.
Power reflection and transmission coefficients. The power reflection coefficient is defined as the ratio of the reflected power to the incident power at a medium interface. The power reflection and transmission coefficients can be calculated based on the amplitude reflection and transmission coefficients, respectively. Let R sja denote the power reflection coefficient at interface 3. R sja can be written as 13
By applying the law of conservation of power, the remaining power is transmitted through the boundary between the soil and the air with the power transmission coefficient
When a radio wave moves from one bounded medium into a second medium, part of the signal will be reflected at the lower and upper boundaries of the material and that multiple reflections will also occur. The multiple reflections in a bounded medium result in a power transmission coefficient with a different format from equation (14). This happens when the radio wave propagates in the in-pipe water and the plastic body of the pipeline. Let R wjp be the total power reflection coefficient for radio propagation from the water to the plastic through interface 1 in Figure 2 . R wjp can be expressed as 13, 15 R wjp = 10 log 2G wjp
where G wjp is the power reflection coefficient at interface 1 without taking into account the impact of multiple reflections and can be calculated in the same way as R sja is calculated. Then, the total power transmission coefficient T wjp at interface 1 is T wjp = 1 À R wjp . Similarly, the total power reflection coefficient R pjs of radio propagation from the plastic to the soil at interface 2 can also be obtained.
End-to-end path loss
The end-to-end path loss is the sum of the signal attenuation through each medium and at each interface plus the effects of multipath fading. Based on previous analysis, the end-to-end path loss P loss can be written as
Note that P loss changes as the sensor moves inside the pipeline since the path loss depends on the transmission distance through each medium as well as the incidence angle and refraction angle at each medium interface.
Received signal power and propagation delay
The received signal power aboveground can be derived based on the end-to-end path loss and antenna gain. The antenna gain is a unitless measure that combines an antenna's directivity and efficiency. The antenna gain can be written as G = j Á D where j is the radiation efficiency and D is the directivity of the antenna. The radiation efficiency is defined as the ratio of the power P rad radiated out into space over the total power P trans supplied to the antenna, that is, j = P rad =P trans . The directivity of the antenna measures the power density the antenna radiates in the direction of its strongest emission versus the power density radiated by an ideal isotropic antenna (which emits uniformly in all directions) radiating the same total power. Given the antenna gain G and TP P trans , the received signal power P rec at the aboveground base station in Figure 1 can be calculated by equation (19) based on the derived path loss P loss .
The end-to-end propagation delay can be derived based on the radio propagation velocity and propagation distance in each medium. The propagation velocity, also called the phase velocity, 13 can be expressed as v = 2pf =b. Then, the propagation delay in one medium is t = d=v where d is the propagation distance in the medium, which is determined by equations (2)- (5) . Therefore, the end-to-end propagation delay can be calculated as
where fv w , v p , v s , v a g are the wave propagation velocities in water, plastic, soil, and air, respectively.
Experimental testing and evaluation of the path loss models
In this section, field experiments that use underground devices transmitting radio waves to aboveground receivers are first reported. Then, the experimental results are compared to the results generated using the analytical models derived in section ''Analytical models for path loss in multi-layer media.''
Field experiments
Extensive field experiment was conducted to test the channel model. The experiment was set up as shown in Figure 3 . A piece of polyvinyl chloride (PVC) pipe full of water was used to host a shielded cable. One end of the cable was cut and the cable's inner conductor was protected with a non-conducting white plastic-like material and inserted inside of the pipe and immersed in the water through a sealed hole. The other end was connected to a signal generator HP8648. To prevent the signal generator or the wire from producing spurious emissions at the frequency being tested, the end part of the exterior ground coaxial cable at the connection with the signal generator was also covered against by a radio connector. Once the signal was emitted from the signal generator, it went into the pipe through the cable and then was transmitted through different media. The aboveground radio signal strength was measured at different locations using a portable spectrum RF Analyzer Agilent N9340. To ensure that the spectrum analyzer and the signal generator share a common ground, the spectrum analyzer was calibrated with the signal generator when we started measurement. In the experiment, we consider various frequencies between 50 and 900 MHz and various levels of TP. This is mainly due to the observed high signal attenuation toward 900 MHz in underground radio channel and antenna size that is inversely proportional to frequency band. The PVC pipe was buried at two levels 0.75 and 1.5 m. In our experiment, both transmitting and receiving antennas were forms of wired monopole antenna. As shown in Figure 4 , the transmitting antenna in the PVC pipe was a part of the interior conductor of the shielded coaxial cable. The interior conductor was protected with a non-conducting white plastic-like material suggesting non-conductivity. This protection would prevent the interior conductor from shorting with the in-pipe water and exterior ground and creating a lowresistance loop, ensuring that the interior conductor could function well as an antenna. The receiving antenna was selected from an antenna set for different radio frequencies. For some other radio frequencies for which there were no corresponding antennas available in the antenna set, we used a monopole telescopic antenna as the receiving antenna instead, as shown in Figure 4 . It is worth mentioning that the signal received through the analyzer will also include any RF energy available in ambient at various frequencies. For example, Figure 5 shows the ambient energy spectrum captured by the spectrum analyzer during the period of experiment.
Soil analysis was conducted in the experiment since the proposed path loss model is a function of soil composition and moisture parameters. We collected soil samples and conducted soil analysis by collaborating with civil engineering researchers at Massachusetts Institute of Technology (MIT). The soil composition and moisture information includes the grain size distribution (GSD) and the moisture level of the soils. Moisture content of the soils could be obtained using an oven and calculating the mass difference of soil samples and dried soil. In our analysis, the moisture content of the soils at the two depths 0.75 and 1.5 m are 17.4%-25.3%.
For grain size analysis, mechanical sieving combined with sedimentation was conducted to obtain the GSD, as shown in Figure 6 . Two types of sieves, the 4.75 mm sieve and the 2.00 mm sieve, were used to separate the portions of the soils with particle size ranges larger than 4.75 mm and between 2.00 and 4.75 mm from the soil samples, respectively. Then, for the portion of soils with particle size range smaller than 2.00 mm, we performed sedimentation using a hydrometer. Sedimentation describes the process of particles falling through a fluid and is used to separate the particles by size in space and time. The concept is that the smaller particles take longer to drop out of solution. 16 The GSD obtained has a percent finer plotted on the y-axis and the particle size (using a log scale) on the x-axis, as shown in Figure 7 . The percent finer refers to the percentage of the dry soil mass that is composed of smaller-diameter grains than a given particle size. From Figure 7 , we could obtain the mass fractions of sand and clay based on their definitions in terms of the particle size. 14 The obtained soil composition information together with the soil moisture information was used to calculate the pass loss in the soil based on the proposed path loss model. Note that Peplinski's 14 principle only presented expressions for charactering the relative dielectric constant of soils in the 0.3-1.3 GHz frequency range. To determine the dielectric properties of the soil corresponding to the radio frequencies beyond this range, such as 50 MHz, Peplinski's principle was extrapolated to those frequencies in the experiments.
It is worth mentioning that the proposed loss model is a function of soil composition and moisture parameters that can drastically change over the pipeline, hence a layout map can be constructed to address the variation of oil properties.
Comparison of theoretical results and experimental measurements of path loss
Theoretical results and experimental measurements of received aboveground signal strength were compared to evaluate the path loss model. The theoretical results were calculated based on the proposed path loss model with the soil composition and moisture information from soil analysis as we received it. The experimental measurements were obtained in the field experiment using the spectrum analyzer.
Since omnidirectional monopole antennas were used in the experiment, the directivity of 5.15 dB of such antennas 13 was used in the simulation to calculate the theoretical results with the path loss model. The simulation parameters are given in Table 1 .
Power loss has been modeled for two depths of 0.75 and 1.50 m at various TP levels and has also been experimentally validated using instruments in the configuration in Figure 3 . The modeling and measurement results about the received power versus the horizontal distance between the transmitter and the receiver are shown in Figures 8-10 for the depth of 0.75 m and in Figures 11-13 for the depth of 1.50 m, respectively.
Measurement error sources discussion. Error in the experimental measurement can be estimated from the received power readings and effect of the environmental conditions. The nature of the experiments assumed that we were capturing not only the energy that was transmitted from the signal generator but possibly some energy from ambient at various frequencies available for various applications in that area. This can be observed from Figure 5 which does not exhibit frequencies matching those used here. The experimental results are also affected by the actual antenna gain, heterogeneous soil characteristics, and multipath channel characteristics. The multipath channel effect is mainly because of the signal scattering and diffraction caused by the dispersive nature of water and soil with rocks and grass roots, unsmooth medium interfaces, and reflections from aboveground objects such as trees and buildings at the experimental site. The multipath propagation results in multipath fading of the received signal.
Results and discussion. It was not expected to receive a complete match between the theoretical results of channel wave propagation and the experimental results. The results have shown good agreement between the modeling results and the measurements although a slightly different shift between these two types of results is observed at different radio frequencies. It was also observed during measurement that the signal was lost a few meters away from the source when lower power was used, for example, 220 and 230 dB m, while modeling predicts continuing up to 30 m for these two power levels.
To reconcile the mismatch between the modeling results and the measurements, a correction factor is proposed to be added to the loss model. The corrected loss model is
where C corr is the correction factor representing the signal loss due to the aforementioned factors including the actual antenna gain, heterogeneous soil characteristics, and multipath fading in practice. A practical benefit in using such a correction factor is that the path loss due to those factors can be represented by a percentage of the total signal loss. Factor C corr can be derived from field measurements in a specific environment. 17 Comparison also helps to determine proper radio frequencies. The initial observation and comparison of the theoretical and experimental tests do not show good agreement, but also that not all frequencies are suitable to transmit radio from the buried pipe toward ambient air. Joint consideration of theoretical and experimental results show that the received power signal can be lost as we go in depth (0.75-1.5 m) at increasing frequencies (from 50 to 400 MHz). Hence, only a range between 100 and 200 Hz seems to be suitable for transmission ( Figures 8 and 9 and Figures 12 and 13 ). Transmission at 50 MHz could be considered for short burial depths (Figure 8) but not for large one (Figure 11 ).
Bits error rate and PLR of the wireless underground-to-aboveground channel
Now that the analytical models have been developed and tested experimentally, we focus on the BERs and PLRs) of the underground-to-aboveground radio communication. This section addresses BER modeling and simulation, BER comparison for different modulation and TP at various depths, and packet formation and BER.
BER modeling and simulation
The BER was analyzed for the wireless undergroundto-aboveground channel by considering different modulation schemes. Computation of BER depends on the channel model, signal-to-noise ratio (SNR), and the adopted modulation scheme. Specifically, in this analysis, the following assumptions and parameters are used:
1. Rayleigh single-channel model. 2. SNR with noise power P n = À 65 dBm ( Figure 5 ). 3. Modulation schemes: binary phase shift keying (BPSK), frequency shift keying (FSK), and quaternary phase shift keying (QPSK). The BER for the three modulation schemes are expressed as 18
where E b =N o is the energy per bit to noise power spectral density ratio, equal to the SNR divided by the link spectral efficiency of the modulation scheme under consideration. SNR (dB m) can be determined as
where P loss is the total path loss derived from the path loss model and P n is the noise level. P n was determined from the ground noise in the ambient radio acquisition shown in Figure 5 . In the calculation, it was assumed that 65% of P n was from the ambient energy measurement in the experiment. BER simulations were performed at various transmission frequencies and TP levels under the three modulation schemes, that is, BPSK, quadrature frequency shift keying (QFSK), and FSK. Extensive simulations have been conducted to determine the effect of frequency of transmission, power, and modulation scheme on the BER and coverage distance from the source.
BER comparison for different modulation and TP at various depths
BER for different modulation schemes are analyzed by taking into account transmitter burial depth. Figures  14 and 15 show the BER of BPSK, FSK, and QFSK systems versus horizontal distances with burial depths of 0.75 and 1.5 m, respectively. The BER has been affected by free space path loss, atmospheric attenuation, water vapor dispersion, reflection, and scattering due to wooden buildings and loss due to vegetation. Low BER has been observed to be better using QFSK as the power increases, while BPSK exhibits better BER performance at lower power. Moreover, better distance coverage is secured by QFSK protocol as the TP increases at constant transmitting frequency. It was observed that FSK takes over QFSK after a couple of meters away from the source securing lower BER. This taking-over location moves also away from the source as the TP increases ( Figure 14 ). Increasing depth, for example, 1.5 m, leads to increasing BER sharply toward 50% as expected in Figure 15 ; hence, more power is needed to enlarge the coverage distance. It is obvious that when the TP is too small, for example, 230 dB m, the transmission will be characterized with high BER and low coverage distance. BER was estimated at two depths and was observed at all frequencies and all power levels, as shown in Figures 14 and 15 . Figure 16 (b) shows that the BER with frequency 200 MHz reaches 50% even when the receiver is located on the top of the signal source for all power levels. The BER estimation has shown that transmission above 200 MHz will not secure reliable communication and packets or part of them will then be lost. This was also confirmed with previous measured power losses in Figure  13 . In addition, Figure 17 (a) shows that at frequency 50 MHz, BER is less than 1% with a coverage distance of about 10 m away from the source with TP 0 dB m.
Packet formation and packet error rate
Packet transmission was evaluated based on previous analysis. We consider a designed packet consisting for example of 168 bytes to be transmitted over a wireless channel. The minimum power received at the receiving antenna will determine the successful transmission. On the digital side, BPSK modulation is assumed to be used with a baud rate of 9600 once every second. The packet contains fixed header bytes, site-id bytes, current time bytes, 150 single-channel data bytes, and the cyclic redundancy check (CRC) bytes. The described packet is shown in Figure 18 .
The packet consists of three main fields, which are as follows:
1. 16 bytes header; 2. 150 bytes, single-channel data; 3. 2 bytes CRC (to assure the loss-free transmission);
The goal is to find the PLR for all sent packets and count the number of dropped packets for some specified time. For the proposed packet, we have considered the following setting: To calculate the total packet losses over time, zero logic is used to indicate the packet loss while 1 shows that packet is successfully received. This simulation is done for different distances varying from 0 to 30 m. Figure 19 gives an overview on the behavior of received packets.
Conclusion
Communication through media, for example, underground to aboveground, exhibits significant challenges for the development of WSNs. The signal attenuation is mainly caused by the soil and its level of moisture as the waves travel through to aboveground.
This article has presented the modeling and simulation of the propagation characteristics of EM waves traveling from soil to aboveground with experimental. The results were expressed in terms of power loss and BER at various transmitting parameters. The experimental results have shown good agreement with the modeling.
This investigation has shown that the underground communication through soil to aboveground is reliably possible within 100-200 MHz frequency band. The channel characteristics vary with respect to the burial depth of the emitting source as well as the transmitting parameters.
Modulation schemes can be programmed to switch from one mode to another to keep BER as low as possible and hence securing reliable packets transmitted. This will depend on the available signal power, distance, and transmitting frequency.
The results obtained in this investigation will contribute to the communication aspect in the current application of autonomous robot for water in-pipe network buried at a certain depth. The application is also for pipe degradation resulting in material loss that can be detected. The power source optimization has shown possibilities to initiate networking and secure handover without losing communication packets. 
